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 Abstract 
 
Behavioural physiology on swimming performance of jack mackerel  
Trachurus japonicus, in the capture process 
 
Behavioural and physiological study on swimming performance of jack mackerel 
Trachurus japonicus was conducted for the purpose to understand the response toward the 
fishing gear during capture process, including the histological approach on the lateral line 
organ system, and the swimming speed and endurance with the heart rate monitoring during 
swimming exercise, for examining the fish condition of post-exercise and post-recovery stages. 
Histological approach on the lateral line organ of jack mackerel Trachurus japonicus 
The function of lateral line organ system of jack mackerel was studied through the 
histological observation, for identifying the structure and distribution of lateral line organs 
both for the head part and body trunk, with the identification of the histological details of 
pores and hair cells. Seven canal systems were identified in the head part; such as supra 
temporal, postoctic, octic, supra orbital, infra orbital, operculum and mandibular canals (with 
the width ranging 0.9-1.5 mm). Higher density of pore distribution was examined on the nasal 
area and dorsal area of the head part, which is 7-8 and 5 pores/mm2 respectively. In the other 
areas of the head, the density of pores was ranged as 1-2 pores/mm2. Concerning the body 
trunk, 29 pores of 12-13 µm diameters were identified along the main lateral line, while no 
pores were observed along the upper line. 
 
x 
 Swimming performance of the jack mackerel Trachurus japonicus, with ECG monitoring 
The heart rate of the jack mackerel of 19.1 ± 0.6 cm FL (average ± S.D., n = 8) was 
examined during the swimming exercise in the flume tank at 24°C, for understanding the 
swimming performance during the capture process. The forced swimming in the flume tank 
was monitored for speed level of 1.3-5.9 FL/s, which was increased gradually for every 10-
minutes step-up protocol. The ECG monitoring was conducted to analyze the change of heart 
rate according to the swimming speed. A pair of electrodes was implanted at the pericardial 
cavity through the ventral side of fish body via connector to the bio-amplifier and oscilloscope 
for monitoring ECG. The heart rate was not so much increased in the speed range of 1.3-2.8 
FL/s against the control value of 78.5 beats/min on average in still water. The higher heart rate 
was monitored for the increased speeds from 2.8-4.4 FL/s, and then it was stabilized at 174.8-
182.5 beats/min on average, at swimming speed of 4.4-5.7 FL/s. The result indicated that the 
anaerobic threshold in muscle activity for jack mackerel is around 4.4 FL/s, as the threshold 
level for prolonged speed. The peak heart rate in this speed range was 4.3 times higher than 
the control. The recovery time monitored by ECG as the time required from the peak heart rate 
to the control level was 204.3 ± 81.7 minutes after terminating the swimming exercise. 
Temperature effect on swimming endurance and post-exercise recovery of jack mackerel 
Trachurus japonicus, as determined by ECG monitoring 
The temperature effect on swimming performance of jack mackerel was examined in a 
flume tank by measuring the swimming endurance time and heart rate. The lower swimming 
performance in 10°C was observed as a shorter endurance time and a slower level of 
maximum sustained speed. As the control, ECG measurements of the heart rates prior to the 
swimming trial revealed a typical temperature effect of 25.3 ± 5.7 beats/min at 10°C, 38.9 ± 
xi 
 11.1 at 15°C and 67.2 ± 13.2 at 22°C. During the swimming exercise, the heart rate increased 
with the increased swimming speed to the maximum level of 60, 125 and 208 beats/min, 
respectively. The significant temperature effect was observed for the post-exercise recovery 
time, which was longer at warmer temperatures. In the case of lower flow condition for 
sustained swimming speed level, the heart rate was immediately recovered for all water 
temperatures. There is positive correlation between swimming speed and recovery time at 
sustained swimming speed for each water temperature. However, the negative correlation 
between swimming speed and recovery time was identified at prolonged swimming speed, as 
the shorter recovery time for the shorter swimming endurance time at each water temperature. 
The estimation of maximum sustained swimming speed will be discussed from the view point 
of recovery time. 
Swimming endurance and heart rate performance of jack mackerel Trachurus japonicus, 
in re-exercise and re post-exercise recovery by ECG monitoring 
The swimming performance of jack mackerel after the post-exercise recovery was 
evaluated through the heart rate activity as an indicator. Jack mackerels (18.4 ± 0.8 cm FL) 
were forced to swim in the flume tank, with the swimming speed levels of 1.09-9.12 FL/s at 
15 and 22°C. Firstly, the heart rate activity was observed in still water as a control, and 
continuously to observe the heart rate during exercise for 200 minutes or until fatigue as the 1st 
exercise trial. The post-exercise recovery was observed after stopping the flow as the 1st 
recovery phase. Secondly, after confirming the complete recovery of fish monitored by ECG, 
the same fish was re-forced to swim as the 2nd exercise trial. The heart rate activity was also 
continuously observed in the 2nd recovery phase. The heart rate patterns were same between 
the 1st and 2nd exercise and recovery phase at respective swimming speed level for 15 and 
xii 
 22°C. The heart rate was not changed than the control value of 38.25 ± 10.27 beats/min for 
15°C, and 56.50 ± 13.14 beats/min for 22°C at the 1st and 2nd exercise at lower swimming 
speed of 1.13 and 2.18 FL/s. The heart rate was immediately recovered for the sustained speed 
level trials, in which no fatigue condition was identified. Thus, the swimming capability of 
fish to avoid the gears after the complete recovery can imply the similar performance with the 
first case of encountering with the gear. 
A series of swimming trial was conducted to examine the temperature effect on the 
swimming performance of jack mackerel, for showing the lower swimming capability on the 
points of maximum sustained speed and endurance time, together with the longer recovery 
time in the colder temperature. The ECG monitoring during and after the swimming exercise 
trial in the flume tank can explain the condition of fish in the fatigue and recovery phase, as 
the simulation of fish swimming during the capture process at fishing ground. The result of 
lower swimming performance in the colder temperature can imply the reduced capability of 
fish for avoiding the mobile fishing gear of trawl net and purse seine. The operational strategy 
of these fishing gears, such as the gear scale and speed, should be well considered in relation 
to the temperature effect for swimming capability of fish, for higher fishing efficiency of 
target species and sizes, or for reducing the by-catch by excluding un-wanted species and sizes 
in the earlier operational stage of mobile fishing gears. 
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 Chapter 1 
 
General Introduction 
 
1.1 Background of studies 
 
Jack mackerel, Trachurus japonicus is one of the most important commercial species in 
the world. Based on catch record data, the reported total catch for this species to FAO for 1999 
was 227 230 tones. The countries with the largest catches were Japan (211 107 t) and Republic 
of Korea, (13,552 t) (SDBS Website: http://www.fao.org/fi/sdbs/”Accesed 9 February 2007”). 
New Zealand reported that the landing of 36,989 tones in 2001-2002. The export value of the 
species was $22.3 million in 2004 with the main market being Japan, Eastern Europe and Fiji. 
The stock trend has been showing that landings have consistently been lower than the total 
allowable commercial catch since the mid-90s (Sullivan et al., 2005). This species is pelagic 
oceanodromous and occurs at depths < 275 m in the waters extending from southern Japan to 
Korean Peninsula and Pacific Ocean off the coast of Japan and South East Asia (29°N – 46°N, 
129°E – 148°E) (Masuda et al.,1984).  
Jack mackerel is one of the schooling fishes of carangids family. Misund (1994) reported 
that carangids are one of major worldwide fisheries and fishing industries. Meanwhile, the 
fishermen have been efforts to develop the effective and efficient fishing methods and gears 
for exploiting this resource. Even so, fishing for sensitive and fast swimming schools is still a 
special challenge to fishermen, and catching techniques based on encircling or towed nets are 
developing continuously (Von Brandt, 1984). Therefore, knowledge and understanding of 
1 
 movements of schools are necessary for developing gears and tactic for school catching 
(Pitcher, 1979).  
Schooling is regarded as an efficient way of conducting underwater movements and is 
beneficial to the individual participants (Misund, 1994).  Effects of schooling, such as reduced 
probability of detection and attack dilution, together with a repertoire of cooperative anti-
predator tactics, enhance higher survival towards predation (Goding, 1986; Pitcher and Parish, 
1993). Additionally, schooling individuals do benefit hydrodynamically from the movements 
of their neighbor (Pitcher et al., 1982b; Partridge et al., 1983; Pitcher et al., 1985; Abrahams 
and Colgan, 1985, 1987).  Naturally, fish has sense organs to support their above activities 
such as visual, auditory and mechano-sensory organs. Mechano-sensory organ plays an 
important role for schooling and swimming during migrations. 
     The fish capture process in trawls is actually quite complex. Since fish have well-
developed visual and auditory senses and many species have remarkable swimming 
capabilities, they are often able to detect an approaching trawl and attempt to avoid capture 
(Engas, 1994). Direct observations of fish reactions to trawls, by using divers and remote 
underwater television and acoustic equipment, laboratory studies of fish sensory capacities and 
behavior have contributed significantly to our understanding of factor that influences the 
capture process. This knowledge has been exploited for both commercial and scientific 
activities which involved catching fish in trawls (Engas, 1994). 
In the fishing ground, temperature is one of the most environment factors significantly 
affects on the pelagic fish. Sund et al. (1981) reported that most pelagic species is able to 
detect temperature variations as small as 0.1°C or less (Murray, 1971; Hoar and Randal, 1979), 
which allows them to orientate toward areas favorable to their metabolism, or more often to 
detect remote frontal areas where prey is usually more abundance. Comparisons between 
2 
 satellite images and location tuna catches confirm this fact (Fiedler and Bernard, 1987). As far 
as, small pelagic species is concerned, the combination of acoustic surveys and oceanographic 
observations indicated that often a higher concentration and patchiness in the distribution are 
found where frontal gradients are strongest, as in the case of the horse mackerel Trachurus 
trachurus capensis (Barange, 1994). Experiment observations on thermal preferendum or 
resistance of fish indicate the influence of thermal history and suggest that the response to 
temperature change according to the season. The thermocline (which can be simply defined a 
horizontal plane where the vertical gradient of temperature is at a maximum) often limits the 
vertical migration of surface pelagic species. For instance, young yellowfin tuna Thunnus 
albacares often stay above the thermocline, which explains a change of their availability to 
purse seining. The catch rate is on average greater when the thermocline is shallow.  
The optimum temperature could facilitate efficient physiological processes in the fish 
body, such as metabolic and other biochemical processes, for a better stamina and fitness, by 
which capability of sustaining swimming. Tsuchida (1995) reported that the final thermal 
preferendum for jack mackerel (16.8 cm body length) is 24.2°C, and the long-term preferred 
temperature was (Mean ± S.D) 20.8 ± 0.7°C. The final thermal preferendum coincides with 
the optimum temperature for various physiological processes, particularly for growth. Their 
results suggested that the final preferendum is closely connected to the biochemical processes 
to produce energy for swimming (Kellogg and Gift, 1983). 
Temperature change affects every rate in physiological process within a fish, such as 
respiratory, metabolism, cardiac output, and muscle contraction (Graham, 1998; Yanase et al., 
2007) Cardiac rhythm is drastically decreased when the temperature decrease reaches 10°C 
(Brill, 1997; Freon and Misund, 1999). The temperature change can affect the swimming 
endurance. While, the swimming endurance plays an important factor for fish to escape and 
3 
 avoid from the gear during capture process for mobile fishing gear, such as trawl and purse 
seine. 
A fish’s ability to avoid capture by bottom-trawl fishing gear is thought to be related to its 
swimming capability, including its maximum swimming speed, maneuverability, and 
swimming endurance (Winger et al., 1999). The fish swims at several kind levels to avoid and 
escape during a capture process. They are going to be fatigue as well as under stress during 
this process. The mortality will be threats for them if they could not be recovery. Thus, this is 
become an important point for conservational purpose. However, little consideration has been 
given to the stress of escaping fish from the capture process. 
The study of fish behavior and functional organization of the organ system can help to 
improve existing fishing techniques and types of gear used, and knowledge on the biology of 
fish (Uyan et al., 2006; von Brandt, 1984). Therefore, to investigate the schooling and 
swimming behavior is necessary for improving fishing gear and method for trawl and other of 
mobile fishing gear.  
 
1.2 Objective of studies 
Behavioral and physiological study on the swimming performance of jack mackerel was 
conducted in order to understand the response toward the fishing gear during the capture 
process. The cerebration schematic of the research content shows at Fig. 1.1, which presents 
systematically background and relationship each item of research contents. Those were 
influenced swimming performance of jack mackerel. That information could be useful for 
improving the gear design and operational strategy, which in turn make significant 
contribution to the establishment of the selective fishing. To achieve this purpose, a series of 
3 4 
 experiments was carried out, such as: 
1 Histological approach on the lateral line organs of jack mackerel. This study concerned to 
describe the structure and function of lateral line and other organs for mechanical sensing. 
2 Swimming performance of jack mackerel with ECG monitoring. The objective of this 
study is to monitor the change of heart rate to follow the swimming speed level for 
understanding the swimming performance of jack mackerel. 
3 Temperature effect on the swimming endurance and post-exercise recovery of jack 
mackerel as determined by ECG monitoring. In this study, the heart rate was monitored as 
an indicator of the level of fatigue in relation to the swimming endurance and post-exercise 
recovery, for examining the stress built during the capture process and post-exhaustion 
condition after the escape from the gear. 
4 Swimming and heart rate performance re-exercise and re-recovery post-exercise for jack 
mackerel by ECG monitoring. Purpose of this study is to evaluate the swimming 
performance of jack mackerel on the repeated encountering with the fishing gear, by 
simulating the post–exercise effect through ECG monitoring for the heart rate activity. 
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 Chapter 2 
Histological approach on the lateral line organ of jack mackerel 
Trachurus japonicus  
 
2.1. Introduction 
 
The study of fish behavior and function organ of the sensory system is of great benefit 
to improving fishing gear design and the strategic operation of the gears. The sensory organs 
of fish are of primary importance to understand the behavioral response of fish during the 
capture process. Histological examination is one of the methods used to help understand 
comprehensively the functions of a sensory organ system.  
The lateral organ system is a mechanosensory organ of fish. The aquatic vertebrate’s 
lateral organs system is made up of a mechano-receptor, which is sensitive to movement in the 
water transmitted by it (Diaz et al., 2003). Therefore; it is believed it affect aspects of the 
behavior of fish, such as swimming, feeding behavior and individual interaction in a school. 
Mechano-sensory organs in fish have several functions. The organ itself functions as a 
hydrodynamic receiver or detector of low-frequency motions that originate near (within a 
body length or two), independent of audition. The organ is an influence on surface feeding, 
schooling behavior, obstacle avoidance, sub-survey detection of prey or predator, and as 
remote touching organ (Dijkgraaf, 1963; Combs et al., 1989; Popper and Platt, 1993; 
Jòrgensen and Pickles, 2002). Observation on the ruffe Gymnocephalus cernuus, have given 
evidence that the lateral line can be used to substitute for visual organs. Janssen (1997) 
reported that the ruffe has greater distance to detect the dapnia magna than yellow perch Perca 
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 flavescens, in dark condition by the infrared camera observation, and that it also swims faster 
while searching for pray. The structure of the mechanosensory lateral line organ affects the 
level of sensitivity a fish has to the environment. 
The mackerels are a pelagic species, which schools during the migration period. 
Masuda et al., (2003) stated that the schooling of Spanish mackerel Scomberus niphonius, 
starts to develop from 17 to 19 days old. During this time, the separation angle and nearest 
neighbor distance decrease significantly as well as adapting the characteristic of aggregating in 
parallel orientation. Presumably, the lateral line of pelagic fish has been growth up due to; they 
can be orientated in school for swimming. When using schooling rather to study fish behavior, 
there is a need to determine morphology, distribution and structure of the lateral line organ 
system are initiating appropriate to know characteristic swimming behavior of the fishes. So, 
purpose of the present study is to describe the structure and function of lateral line and other 
organs for mechanical sensing.  
 
2.2 Materials and methods 
 
Twenty-three adult jack mackerels ranging from total length in 19 to 24 cm were used 
for the study fish were caught around Suruga Bay, Numazu, Japan. They were maintained in 
the fiberglass tank with the water temperature 21.5°C and were given standard feed. Eight jack 
mackerels were used to observe the distributions and morphometrics of the canal organ system 
in both the head and trunk main of the body. A solution of hematoxylin was injected into the 
lateral line canals by a small syringe (22 G x 1” (0.70x25 mm), Terumo, Japan) and following 
this the specimens were fully immersed into mythelene blue solution 1% for 48 hours. The 
head photographed and used to create computer aid for tracking the photo object.  
8 
 Five jack mackerels were used to observe the distribution of pores over a lateral canal 
organ system. The fishes were decapitated, fixed into the bouin solution, and sectioned at 
respectively canal organ parts. For quantitative analysis section were then a light, photograph 
and the number of pores mm² observed under microscope, and it was photographed to count it. 
Estimation of the number and density of pores was calculated by the equation Np = (Pn/ 
Wa(mm²))x100. Where as, Pn is numbering of pores in section and Wa is the width of the 
photograph section.  
Ten individuals’ mackerels were used for histological analysis of hair cells, which the 
histological process was detail showed at the flow chart of Fig. 2.1.  The lateral canal organs 
were enucleated and fixed in formalin 10% or 20% more than 2 days. The tissues were 
transferred by 75% ethanol overnight, dehydrated in a graded series of ethanol (80%, 85%, 
90%, 95%, and 100%, 3 x 30 min), cleared in xylene (3 x 30 min), embedded in paraffin, cut 
into 2 - 8 µm thick cross-sections, and stained with hematoxylen-eosin for histological 
examination under a light photomicroscope. Neuromast length, width, and area based on 
camera Nikon photographic were recorded. 
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Fig.2.1. Flow chart of the histological analysis process 
Staining and observation 
process 
Fixation and 
embedded process 
Fish : Lateral line canal 
organs 
Fixed : Formalin 10 and 
20% for >2 days  
Enucleated : Lateral line organ 
Dehydrated : A graded a series  alcohol 
(75 %  for a day, 80%  for 30 min, 85 for 
30 min, 90 for 30 min, 95 for 30 min, and 
2 x100% for 30 min) 
Cleared : Xylene (3 x 30 min) 
Dehydrated : In a graded a series  
alcohol (75 %  for a day, 80%  for 30 min, 
85 for 30 min, 90 for 30 min, 95 for 30 
min, and 2 x100% for 30 min) 
Embedded 
1. Soaking in liquid paraffin 4 x 30 min 
2. Embedded in solid paraffin  
Cutting of samples in solid paraffin 
and set on the stand wood 
Sectioning by microtome (2-8 µm) 
Set on micro slide glass 
(+ water) 
Heating (45°C) 
Micro slide glass holder 
1. Xylene 1 (for 10 min) 
2. Xylene 2 (for 10 min) 
3. Xylene 3 (for 10 min) 
4. Alcohol 1, 100% (for 10 min) 
5. Alcohol 2, 100% (for 10 min) 
6. Alcohol 95% (for 10 min) 
7. Alcohol 80% (for 10 min) 
8. Alcohol 60% (for 10 min) 
9. Water (for 2 – 3 sec) 
10. Hematoxylene (for 15 sec) 
11. Water (for 10 min) 
12. Eosin (for 15 min) 
13. Water (for 1 – 2 sec) 
14. Alcohol 70% (for 2-3 sec) 
15. Alcohol 80% (for 2-3 sec) 
16. Alcohol 90% (for 2-3 sec) 
17. Alcohol 1, 100% (for 2-3 sec) 
18. Alcohol 2, 100% (for 2-3 sec) 
19. Xylene 1 (for 10 min) 
20. Xylene 2 (for 10 min) 
21. Xylene 3 (for 10 min) 
22. Covering the micro slide glass 
(+ canada balsam/ MGK-s 59%) 
23. Observing by microscope 
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 2.3. Result 
 
Ten well-developed canal organs system with widths ranging over 0.9 - 1.5 mm were 
identified on the specimen’s jack mackerels. The highest density of lateral organs systems was 
identified in the head. All of the lateral canal organ systems are interconnected, except the 
ventral trunk line canal is independent. Seven canal organs systems were identified in the head 
part these were supratemporal, postotic, otic, supraorbital, infraorbital, preoperculum, and 
mandibular canal (Figs. 2.2a and b). The supraorbital canal extends along the dorsal surface of 
the skull and turns ventrally to connect the infraorbital canal. The preoperculum canal runs 
along operculum and connects with the mandibular canal. Its lower portion is almost parallel 
to the infraorbital canal. The infraorbital and mandibular canal was found to be densely 
branches (Fig. 2.2b). We identified no interaction supratemporal canal connecting the right and 
left canals on the top of the head.  
Three lateral line canals in the trunk body were identified; it was found between the 
dorsal, main, and ventral canal with widths ranging from 0.9 - 1 mm (Fig. 2.2a). The 
supratemporal canal connects the main and dorsal lateral line canal. The main lateral line canal 
runs the length of the body and has been deflecting line on the tip of pectoral fin. The dorsal 
lateral line canal runs parallel to the dorsal fin and connects with supraorbital canal. 
Meanwhile, ventral lateral line canal was found to be independently positioned. It appears 
from tip of caudal and runs to descend parallel to the anal fin and end on the anus.  
It pores of jack mackerel were outspread on the lateral canal organ system and on the 
canal and tip of branch canal (Figs. 2.3a, b and c). The estimation of number and density of the 
pores over the highest density and number of pores is in the nasal and mandibular region 6 
(602) pores/mm² and 5 (475) pores/mm² with average respectively. In the preoperculum region, 
11 
 the range distribution is 3 (305) pores/mm², on the dorsal surface of the head and infraorbital 
are 3 (268) pores/mm² in average (Figs. 2.4a and b). On the trunk line canal, pores can find on 
the main lateral line canal with 29 - 30 pores as long as the lateral line canal. While, no pores 
found on the dorsal and ventral lateral line canal. The main lateral line canal pores to have a 
wider pores diameter than others. It is 17.19 µm in average and distributes as long as the main 
lateral line canal with ranging 4 - 6 mm. Histological section shows not found nucleus and 
nerve ending efferent in the based of the pores, as a result, the pores are not sensor organ or pit 
organ.  
The sensory tissue is important for the mechanosensory function of lateral line organs. 
The shape and size of the cupula vary considerably, depending upon the location of the 
neuromast on the body and depending upon species (Evan, 1993). Clumping of neuromast 
cells was found in the otic, postotic, supraorbital, infraorbital, and preoperculum canals 
embedded on the base of the canals between the dermal and hypodermal layers. Neuromasts 
consist of several rows of hair cells. It is cylindrical in shape and occupies the upper half of 
the sensory epithelia. Dimensions were 1.43 µm in height and 0.48 µm in width (Figs. 2.5a, b 
and c). A large and spherical nucleus is centrally located was found to be 0.34 µm in diameter 
and is surrounded by mitochondria. The upper side of hair cell is found the cupula (Fig. 2.6b) 
in which is contained the kinocilium and stereocilia. Supporting cells were lined up alongside 
the basal membrane connected to hair cells by a nerve ending efferent. 
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Fig. 2.2  Diagram of the lateral organ systems on the head and trunk body of an adult jack 
mackerel. D, dorsal trunk lateral line canal; IO, infraorbital canal; MA, mandibular 
canal; M, main lateral line canal; O, otic canal; PO, postotic canal; POP, 
preoperculum canal; SO, supraorbital canal;  ST, supratemporal canal; V, ventral 
lateral line canal. 
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Fig. 2.3 Photomicroscopic and Photograph image of (a) transverse section of infraorbital canal. 
Pores (po); branch canal (bc); infraorbital canal (IO). (b) the horizontal section of 
mandibular canal. Mandibular canal (MA). (c) Distribution of the pores on the body 
part.  
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X 40 
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Fig. 2.4 (a) Relationship between number and density of pores at body parts; (b) Relationship 
between density and diameter at respectively body part. 
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Fig. 2.5 (a) Structure and position of the clumping neuromast in otic canal. Epidermis (Ep); 
dermis (De); otic canal (O); sensory hair cell (Shc); Hypodermis (Hd). (b) Neuromast 
canal. Cupula (cu); mitocondria(mc); basal membrane (bm); (c) hair cell; nucleus 
(nu); supporting cell (sc); Nerve ending efferent (ne). 
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 2.4. Discussion 
 
Jack mackerel is one of a number of species to form huge schools when migrating. 
Schooling behavior is particularly predominant in pelagic fish. The major function of 
schooling behavior is supposed by many to be predator avoidance, the early detection of, and 
confusion of the attack from predators Masuda et al., (2003). The maintenance and structure of 
the schools formation are aided by mechano-sensory organs. It is believed that the mechano-
sensory organs function as a sensory system initiating appropriate behavioral response for 
environmental stimuli. Avoidance of obstacles while swimming, schooling behavior, prey 
capture at, and below the surface and predator avoidance are all believed to be directly 
influenced by the function of the mechano-sensory organs (Popper and Platt, 1993). The 
lateral line system is important for the anchovies Engraulis japonicus and maintenance of the 
school in the dark. The lateral line sense is also known to be important in the schooling of tuna 
Euthynus affinis, saith Pollachius virens, red sea bream Pagrus major and bluegill Lepomis 
macrochirus (Uyan et al., 2006). 
From observation, the lateral organ system is well developed in the jack mackerel. The 
many canal systems present are very important for the transmission and consequent registry of 
movement in the ambient water. Inside of lateral canal can find some clumping of the 
neuromasts, those play an important role to detect and transform water movement and 
vibrations to nerve impulses for interpretation by the fish’s brain. Sensitivity of the fish to 
detect objects and water motions depends on the morphology and distribution of lateral organs 
system in the body. One likely functional consequence of a wider canal is greater sensitivity to 
low frequency signals (Janssen et al., 1999). There is, however, a greater susceptibility to 
interference from low frequency noise (Denton and Gray, 1988; 1989; Janssen, 1996). The 
17 
 fish’s movement in the water, especially when the schooling will produce both water 
movement and vibration. Reception by the lateral line canal system and subsequent 
interpretation by the brain and central nervous system help fish maintain distance from each. It 
is believed that, the canal organs systems help jack mackerel to maintain and determine the 
direction of migration when schooling. Furthermore, it is used to detect a potential predator’s 
movement as well as any potential item of prey. Some species of fish can detect the prey by 
using the lateral line organ. The lake Baikal species Batrachocottus baicalensis, can ably 
detect amphipods in faster moving and get the greater distance to the more parallel to the fish’s 
body surface (Janssen et al., 1999). 
The morphology and distribution of jack mackerel’s lateral organ system present in the 
head were display similarities with the rainbow trout Oncorhynchus mykiss (Siregar,1993) and 
anchovy Engraulis japonicus, (Uyan et al., 2006), except in regard to the trunk line canal. In 
jack mackerel, present were the dorsal, main, and ventral trunk line canals. Identity is 
confirmed by the appearance of initial gnathostomes and teleost fishes (Northcutt, 1989; 
Northcutt et al., 2000). The morphology of trunk lateral line is affected by the pectoral fin 
position, size, and shape. The dorsal deflection of the anterior portion of trunk line in several 
fishes avoids water disturbance caused by movement of the pectoral fin (Dijkgraaf, 1963). The 
main trunk lateral line of jack mackerel has distinct deflections which circumvent the tip of 
pectoral fin. Dissimilarity exists here in comparison with the anchovy and rainbow trout, as 
they have a straight main trunk lateral line due to a shorter pectoral fin, as well as the position 
of the pectoral fin also lower than jack mackerel. 
It pores over the support lateral organ systems functionality. It functions as a receiver 
channel for both the water motion and vibration from outside into the lateral canal organ. 
Water carries sound vibrations through small pores in a fish’s skin and into the lateral line, an 
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 inner fluid-filled canal. Moving through the canal, the vibrations stimulate the hair of sensory 
organs (SDBSWeb: http://www.marinewatch.info/library/fish/sdbs”Accesed 11 May 2007”). 
The relationship between the number of pores and density of pores is very important when 
estimating the sensitive area of jack mackerel’s body regarding the detections of water 
movement. 
The highest density and number of pores on the jack mackerel’s body was identified on 
head, especially in the nasal and mandibular regions. The sensitive area in the frontal zone of 
the fish receives oncoming water motion and vibration as they move through the water. The 
pores concentrated on the preoperculum and infraorbital function to detect the water motion 
and vibrations from the side. The pores on the dorsal surface of the head function as a receiver 
of water motion and vibration coming from above. 
Found in the lateral canal organs system of jack mackerel is the same distribution of 
canal neuromasts. The canal neuromast, however, are efficient at detecting hydrodynamic 
stimuli even in the constant presence of background water flow, because of the filter properties 
of lateral line canals (Engelmann et al., 2000). It is composed of rows of hair cells, supporting 
and mantle cells. They have a special function of translating sound into electric signals that 
nerves can convey to the brain (Finn et al., 2003). For detecting water displacement, sound at 
the frequency higher than 500 Hz, magnetic fields and location of obstacles (Germana et al., 
2002).  
The hair cells are cylindrically shaped and have stereocilia at the top of the cell and a 
nucleus at the bottom. When the stereocilia bend in response to a sound wave, an electromotile 
response occurs and the cell changes in length. With every sound wave, the cell shortens and 
then elongates. This pushes against the tectoral membrane selectively amplifying the vibration 
of the basilar membrane. This allows the detection of very low frequency sounds (Oghalai et 
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 al., 2006). Thus, lateral line organ helps the jack mackerel to detect water motions and low 
frequency sounds when swimming. 
Behavior studies have shown that, whereas most fishes can only can detect to sound up to 
1-3 kHz, several species of the genus Alosa (Cluepeiformes, i.e. herring and their relative) can 
detect sounds up to 180 kHz (over even higher) (Popper, 2000). It is suggested that this 
capability evolved so these fishes can detect water motion and low frequency, and obstacle, 
which included on the jack mackerel. In the present study, based on distribution and structure 
canal organ system of the jack mackerel have many small branches arranged as those of adult 
clupeoid fishes that form large schools. Presumably, the dense branching of the lateral line 
canals on the head enhances the sensitivity of the cephalic lateral line and might be a 
characteristic of schooling pelagic fish (Masuda et al., 2003). Schooling of fish could detect 
the leader net of set net from 100 meters distances (Arimoto and Anraku, pers. comm., 2007). 
The visual organ of fish could not see the object for that distance.  Probably, fish was detected 
it by lateral line organs, which friction between water and net by current potentially to deliver 
vibrations. Thus, fish can detect it, although they might be able to not identify it. Therefore, 
further research will be concerned on the schooling behavior of jack mackerel against the net 
panel, which is related on a role of the lateral line organ in swimming and schooling. 
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 Chapter 3 
Swimming performance of the jack mackerel Trachurus japonicus, 
with ECG monitoring 
 
3.1 Introduction 
Swimming capability of fish plays an important role in determining the selectivity and 
efficiency of capture by mobile fishing gears (Winger et al., 1999), such as trawl and Danish 
seine net. This importance has been demonstrated by the direct observation, particularly 
during the herding process by various parts of the fishing gear, such as otter boards, wing-ends 
of the trawl net (Wardle, 1980). Direct observation in the trawl capture process has been 
showing the fish tends to maintain their position relative to towed net as long as possible in 
order to prevent from dropping back to the cod end. Meanwhile, they are using extra burst of 
swimming by anaerobic muscle activities. Additional energy supply through respiratory and 
aerobic metabolic system should be required.  
The heart rate is an important and responsible for the respiratory and metabolic system 
of fish during swimming (Briggs and Post, 1997; Altimiras and Larsen, 2000; Sundrom et al., 
2005). In previous study, heart rate activities increase to follow swimming a speed level 
(Nofrizal et al., 2008). Therefore, we have a hypothesis; the heart rate is a good indicator to 
provide us with the information about physiological condition of the fish while being 
encountered by a mobile fishing gear in capture process. This can be suitable as an indicator to 
understand swimming performance, and fish condition during swimming to avoid the gears. 
Thus, the present study will monitor the change of heart rate to follow the swimming speed 
level for understanding the swimming performance of jack mackerel. 
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 3.2 Material and Methods 
3.2.1 Fish 
 Adults jack mackerel of 18.4 ± 0.7 cm fork length (average ± S.D., n = 8) were 
obtained from a fish farmer at Suruga Bay, Japan. All the fish were transported by a tank-lorry, 
which is specially designed for live fish transportation, to a keeping tank with dimensions 2.0 
m long by 0.9 m wide by 1.0 m deep at the Fish Behavior Laboratory of Tokyo University of 
Marine Science and Technology. The fish was acclimated in 24°C water temperature for a 
week. The fish were fed on fish meal pellet every day during the periods of both acclimation 
and experiment. The water in the keeping tank was always purified and aerated. 
3.2.2 Flume tank and observation system 
A flume tank (West Japan Fluid Engineering Laboratory, PT-70) used in this study was 
specially designed to provide the most portions of the working section, 70 cm long by 30 cm 
wide by 20 cm deep, with a steady water flow (Fig. 3.1). One side of the wall of the test 
section was covered by a panel were square grids as visual cues for the swimming fish were 
drawn. This treatment allowed optomotor response for the fish to reveal itself (Wardle, 1993; 
He and Wardle, 1988; Xu et al., 1993). So, when the fish was maintaining its position relative 
to the oncoming flow in the working section, the swimming speed of fish was equivalent to 
the flow speed. The flow speed of the flume tank was gradually increased during heart rate 
observation to follow rotation of impeller (HZ) (Fig. 3.2). The flow speed of the flume tank 
was set 24.9, 53.9, 82.9, and 111.8 cm/s, corresponded to average of the swimming speed of 
1.3, 2.8, 4.4, and 5.7 FL/s.  
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 3.2.3 Measurement heart rate during exercise 
A pair of electrodes for electric-cardiographic (ECG) measurement was implanted at 
pericardial cavity of the ventral side of the fish body (Fig. 3.3) under anesthetic by 
administering a dosage of 107 mg of FA100 per unit 1 litter of seawater (0.008%) for 15–20 
minutes. The electrodes were made of an enamel-insulated tungsten pin (MT Giken), 15 mm 
long and 0.2 or 0.3 mm in diameter. The outer insulation for the electrode on both sides of the 
tips for 1 mm length was removed (Fig. 3.3a). The one side was connected to a copper wire 
(Tsurumi Seiki, T-GA XBT cable) and was covered by super glue (Aron Alpha, Toa-gosei). 
The other end of the wire was connected to a digital oscilloscope (Iwatsu, DS-5102) via an 
amplifier (Nippon Kohden, Bioelectric Amplifier AB-632J). 
The heart rate observation during exercise was conducted in the 24°C. After the 
subsequent recovery of 180 min from anesthetic by FA 100, the heart rate of the fish was 
individually measured in still water for 30 minutes. Every minute datum of heart rate 
(beat/min) were averaged, and this was used as the control heart rate in order to compare the 
difference with the heart rates during exercise at a given flow speed  gradually increased 1.3-
5.9 FL/s every 10-minutes step-up protocol at respective individual. The data collection during 
post-exercise recovery was measured after exercise or fatigue, which was continuously 
observed until the heart rate was stabilized to the maximum value of control (Ito et al., 2003). 
The recovery data were analyzed by the moving average with 10 minutes interval (Fig. 3.4). 
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Fig. 3.2 Relationship between rotation of impeller of the flume tank and flow speed. 
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Fig. 3.3 Position of a pair of electrode to monitor heart beat activity and a pair 
electrode. (a) A pair electrodes, (b) anesthesia material, FA100, (c) position 
of a pair electrodes at fish body, and (d) Ventral view position of a pair 
electrodes at pericardial cavity of fish 
Fish heart
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 3.3 Result 
 
Fig. 3.5 shows the blood circulation in the fish heart and an example of ECG 
pattern of jack mackerel which was quite similar with the humans. The ECG pattern 
expresses the heart to pump blood circulation to the all of fish’s body part. Where P-
wave represents the depolarization of the atrium, which is the process to pump the 
blood into the ventricle. QRS represents the depolarization of the ventricle, which is 
the process to pump the blood into all the body parts through the artery capillaries. 
While ST-segment represents the ventricular re-depolarization process and PR 
interval represents the time interval from onset of atrial depolarization (P wave) to 
onset of ventricular depolarization (QRS complex). QRS duration presents duration 
of ventricular muscle depolarization. QT interval represents duration of ventricular 
depolarization and repolarization, and RR interval represent duration of ventricular 
cardiac cycle (an indicator of the ventricular rate) and PP interval represent the 
duration of the atrial cycle as an indicator of the atrial rate (Nanba, 1996). 
Fig. 3.6 shows the heart rate was increased to follow step-up of swimming 
speed levels. The heart rate in control was 78.5 ± 19.3 beats/min. This was increased 
108.1 ± 39.2 beats/min at swimming speed of 1.3 ± 0.0 FL/s. When the swimming 
speed was increased 2.8 ± 0.1 FL/s, the heart rate was also increased to be 131.7 ± 
37.6 beats/min. It was high increased to be 174.8 ± 14.9 beats/min at swimming 
speed of 4.4 ± 0.1 FL/s, and reached the top 182.5 ± 10.5 beats/min at swimming 
speed of 5.7 ± 0.1 FL/s (Fig. 3.7). The heart rates were varied based on individual at 
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 swimming speed range of 1.3 ± 0.0 to 2.8 ± 0.1 FL/s. However, the heart rate 
convergent tendency at swimming speed ranges of 4.4 ± 0.1 to 5.7 ± 0.1 FL/s. 
Fig. 3.8 was showed the relationship between heart rate in exercise and 
control, which at the lower speeds (1.3 ± 0.0-2.8 ± 0.1 FL/s), the heart rate closes the 
control value. They both group data were similar patterns. The heart ate was high 
increased than control value at swimming speed of 4.4 ± 0.1 to 5.7 ± 0.1 FL/s. The 
fish was taken times at less 119 minutes to recover after exercise. The recovery time 
post-exercise was 204.3 on average. Dominantly, fish was recovered between 
frequencies 180 to 360 min (Fig.3.9).  
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Fig. 3.5 Blood circulation in the fish heart and ECG pattern for jack mackerel 
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Fig. 3.7 Trend of the heart rate activities during swimming exercise 
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Fig. 3.8. Relationship between heart rate with the control 
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Fig. 3.9 Frequency of the recovery time for jack mackerel after exercise 
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3.4 Discussion 
 
 
The heart rate activity of jack mackerel increases gradually to follow the swimming 
speed level. The incremental pattern of the heart rate for jack mackerel during swimming 
exercise was similar to the rainbow trout, Salmo gairdneri (Priede, 1974). Fish consume extra 
energy in response to the increased swimming speed, and required to increase the metabolic 
rate in order to reform the lost energy.  Physiologically, the heart activity associated with 
metabolic and respiratory process when the fish swimming. Thus, heart rate serves as several 
functions, such as pumping of blood, nutrition and oxygen circulation for a biochemical 
process in the fish body to re-metabolize the energy for swimming. This process is getting 
faster or slower based o the magnitude of exercise. Korsmeyer et al., (1997) reported that the 
blood flow of yellow fin tuna Thunnus albacares, was increased 13.6 ± 3.0 % in terms of 
relative cardiac output by an exercise at mean velocities between 1.2 and 2.1 BL/s. This 
exercise caused an increase of 18.8 ± 5.4 % in heart rate at 24 ± 1°C. The heart rate of jack 
mackerel was increased by 34.9 ± 29.8 % than the control values at swimming speed of 1.3 ± 
0.0 FL/s and reached 177.9 ± 79.7% at swimming speed of 5.7 ± 0.1 FL/s. These increases in 
order to fulfill oxygen in the blood required for myotomal muscle to intensively operate 
through aerobic metabolic pathway.  
Modern trawls are made in many sizes to allow different types of fishing boat to tow 
them at a maximum speed: between 3 and 4 knots or 154.2 and 205.6 cm/s when using full 
power (Wardle, 1993). These towing speeds corresponded to swimming speeds of 8.1 and 10.8 
FL/s for the fish size used in this study. Thus, fish swims in prolonged or burst swimming 
speed, to avoid and escape during the capture process. Meanwhile, the heart rate of the fish 
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could maximally be beating. The fish may be under stress and tachycardia even if they could 
escape from the gears. Therefore, it is more likely that it takes substantial time for those fish to 
recover from fatigue. Chopin and Arimoto (1995) stated that the fish swimming in the cod end 
of the trawl during capture process will be subject to serve exercise. This may evoke 
mortalities, which have been attributed to stress associated with various capture stressors even 
if the fish could escape from capture. This study demonstrated that the magnitude of the stress 
given to the fish during exercise at more than 3 FL/s swimming speeds was scaled by the heart 
rate activity for a considerable amount of time. This situation is more likely happen when the 
fish is encountered by the mobile fishing gear. 
Fish required more than 180 minutes (3 hours) for recovery post-exercise at swimming 
speed of 1.3-5.9 FL/s for around 40 minutes in swimming exercise at the series speed level. 
Previous study showed that laboratory cardiac parameters of the largemouth bass Micropterus 
salmoides, exhibited less variable patterns, where the peak heart rate was recorded during 
(maybe magnitude of exercise, for example, the prolonged swimming exercise at some speed 
for some time), and it took about 135 minutes for subsequent recovery, which examined at 13-
25°C (Cooke et al., 2004).  
Raising of the heart rate at recovery phase, caused heart function to the pumping 
oxygen content in blood for aerobic and anaerobic metabolism during exercise. Probably, the 
oxygen consumption is higher, thus it might be caused the fish be fatigued. Breet (1964) 
reported that increased oxygen consumption due to oxygen-debt repayment after fatigue in 
sockeye salmon Oncorhynchus nerka, took up to 6 hours to return to resting levels. Thus, fish 
was under stress and fatigued after escaping from the gear during capture process and 
probably inactive for several hours. In this condition, fish will be easy to attack by predator or 
re-encountered by the gear. Therefore, the swimming performance of fish after completely 
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recovery post-exercise requires evaluating for the next study.  
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Chapter 4 
Temperature effect on swimming endurance and post-exercise recovery 
of jack mackerel Trachurus japonicus, as determined by ECG monitoring 
 
4.1 Introduction 
The swimming performances of target and non-target fish play important roles in 
determining the selectivity and efficiency of mobile fishing gears (Winger et al., 1999; Wardle 
1993; He 1991). This is because many of these fish are only capable of swimming at or below 
their maximum sustained swimming speed for long hours (Coughlin, 2002; Webb, 1994). The 
swimming endurance of fish is influenced by respiratory and metabolic processes which are 
reflected by the heart rate as the pumping mechanism for the blood circulation system in the 
body, where the heart rate represents the gas exchange and chemical processes to metabolize 
the energy used when a fish is swimming. The heart rate can also be an index for accurate 
prediction of oxygen consumption at different levels of exercise and recovery (Clark et al., 
2006).  
Temperature change affects all physiological rate process in fishes, such as respiratory, 
metabolic and cardiac output (Farrel, 1997) as well as muscle contraction (Yanase et al., 2007; 
Reynolds and Casterlin, 1980). Temperature changes can therefore have a significant impact 
on swimming endurance, which is negatively affected by the increased swimming speed 
(Videler and Wardle, 1991). The objective of this paper is to examine the effect of temperature 
on the swimming endurance of jack mackerel Trachurus japonicus, and to assess the 
physiological impact to the fish during exercise. This study used the heart rate as an indicator 
of the level of fatigue in relation to the swimming endurance and post-exercise recovery in 
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order to examine the stress experienced by the fish during the capture process and post-
exhaustion condition after escape from the gear. 
 
4.2 Materials and methods 
4.2.1 Experimental fish  
Jack mackerel of 18.5 ± 0.8 cm fork length (average ± S.D., n = 249) were obtained 
from a fish farmer in Suruga Bay, Japan. All the fish were transported by a tank-lorry for live 
fish transportation, to a holding tank with dimensions of 2.0 m long by 0.9 m wide by 1.0 m 
deep at the Fish Behavior Laboratory of Tokyo University of Marine Science and Technology. 
The fish were fed on fish meal pellets every day during the periods of both acclimation and 
experimental phase. 
4.2.2 Flume tank and observation system  
A flume tank (West Japan Fluid Engineering Laboratory, PT-70) used in this study was 
specially designed to provide the most portions of the test section, 70 cm long by 30 cm wide 
by 20 cm deep, with a steady water flow (Fig. 3.1, see Chapter 3). One side of the wall of the 
test section was covered by a panel where square grids were drawn as visual cues for keeping 
position in the flow through the optomotor response (Xu et al.,1993; Wardle, 1993; He and 
Wardle, 1988). When a test fish was maintaining its position relative to the oncoming flow, 
the swimming speed of fish was considered to be equivalent to the flow speed. The water 
temperature of the flume tank was maintained at the targeted temperature of 10, 15 or 22°C. 
The water temperature was changed to the given level at a rate of 1°C per day.  
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As shown in Fig. 1, a video camera (Sony, CCD-TRV 96) was set 1.0 m above of the 
test section in order to observe the swimming activity of the fish. The video camera was 
connected to a video recorder (Sony, EVO-9720) via a video timer (FOR-A, VTG-55D) for 
superimposing the time elapse in 0.01 s. 
4.2.3 Measurement of swimming endurance 
The endurance time trials were carried out during the period from November 2007 to 
May 2008. After two days of temperature acclimation in the holding tank, swimming 
endurance was examined. The endurance trials for individual fish were carried out within one 
week of acclimation to the artificial condition in the holding tank, during which the 
temperatures of both the holding and experimental tank were maintained at the desired 
temperature, using a digital thermo-controller (REI-SEA, TC-100, Japan).  
Individual fish were randomly selected and introduced to the test section of the flume 
tank. After 10 minutes and subsequent 30 minutes of adaptations under still water and low 
flow (12.4 cm/s) conditions, respectively, the flow speed of the flume tank was set at the given 
speed (20.4, 39.3, 55.4, 74.3, 93.1, 112.0, 128.1, 147.0 or 160.4 cm/s). Swimming endurance 
for each flow speed was determined as the duration until the fish discontinued swimming, or 
otherwise the endurance trial was terminated when pre-determined time of 200 min as the 
maximum limit of the experiment (He, 1991; He and Wardle, 1988).  
The swimming speed can be categorized into three levels of speed that is sustained, 
prolonged and burst speeds after previous studies (Webb, 1975). Sustained swimming speed 
was defined as the swimming speed maintainable 200 minutes through the swimming 
endurance trial. Once the swimming speed exceeds the upper limit of this level, the so-called 
maximum sustained speed, anaerobic white muscle activity is incorporated into red aerobic 
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muscle activity, and so the swimming endurance is dramatically decreased and is terminated 
by fatigue (He and Wardle, 1988). This second level of swimming speed is characterized as 
prolonged swimming speed. The highest level of swimming speed category is burst speed at 
which fish can sustain swimming for less than 15 seconds (Webb, 1975).  
The endurance time data (E, in seconds) were plotted against the swimming speed in 
semi-log coordinates, and the endurance time was regressed on the swimming speed by the 
least squares method in order to describe the relationship between swimming speed and 
endurance as a swimming endurance model equation (Breen et al., 2004). The maximum 
sustained swimming speed and the threshold of the burst speed were determined by 
substituting the swimming endurance of 200 min (12,000 s) and 15 s to the equation, 
respectively.  
4.2.4 Measurement of heart rate by ECG technique  
A pair of electrodes for electrocardiographic (ECG) measurements were implanted in 
the pericardial cavity of jack mackerel (Fig. 3.3, see Chapter 3) under anesthesia of FA100 
(0.008%) for 15-20 minutes. The electrodes were made of enamel-insulated tungsten pins (MT 
Giken), 15 mm long and 0.2 or 0.3 mm in diameter. The outer insulation for the electrode on 
both sides of the tips for 1 mm length was removed, which were inserted to the pericardial 
cavity of fish from the ventral side, and fixed at left and right sides of ventricle of the heart 
(Fig. 3.3, see Chapter 3) to monitor the heart beat activity (Nofrizal et al., 2008; Ito et al., 
2003; An and Arimoto, 1994; 1997). The electrodes were connected to a copper wire cable 
(Tsurumi Seiki, T-GA XBT cable) and were covered with super-glue (Aron Alpha, Toagosei). 
The other end of the wire cable was connected to a digital oscilloscope (Iwatsu, DS-5102) via 
a bio-amplifier (Nihon Kohden, Bioelectric Amplifier AB-632J).  
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After the subsequent recovery of 180 min from anesthesia, the heart rate (beat/min) of 
the fish was individually measured in still water for 10 minutes, and was averaged as the 
control heart rate in order to compare the difference with the heart rates in average during 
exercise at a given flow speed and during post-exercise recovery in still water. In the 
measurements during exercise, the flow speed was elevated as per the protocol of the 
endurance trial. The incremental of the heart rate during exercise was analyzed by the relative 
heart rate. The relative heart rate is the average of heart rate during exercise divided with the 
average of heart rate in control. The data collection during the post-exercise recovery was 
continued until the heart rate stabilized to the control heart rate level. The recovery time was 
defined as the time when the 10 minutes moving average reached the same level as the 
maximum value recorded for each minute in the control phase (Ito et al., 2003). 
4.3 Results 
4.3.1 Swimming speed and endurance  
Fig. 4.1 and Table 4.1 show the results of the endurance time trials at temperatures of 
10, 15, and 22°C. The data for the swimming endurance trials which were terminated by the 
maximum observation limit of 200 min were excluded from analysis. This is because inclusion 
of those data, which are shown as solid marks in Fig. 4.1, could lead the biased conclusion of 
under-estimation during analysis.  
 The swimming endurance was independent of the body length of the fish in the same 
flow speed condition (P > 0.05; Regression analysis; Table 4.1). In addition, there was no 
significant difference between the temperatures in the average body length of the fish that 
were used for the swimming endurance trials in the same flow speed condition (ANOVA, P > 
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0.05). These results allowed the average swimming endurance at each swimming speed in 
terms of the average body length (> 5.0 FL/s; Table 4.1) to be compared using one-way 
ANOVA. Then, the data were subjected to semi-log linear regression analysis for deriving the 
equation of swimming curve as show in Fig.4. The experimental analysis indicated that the 
average endurance time in 10°C was significantly lower than the higher temperature results in 
15 and 22°C (ANOVA, P < 0.01). The swimming curve for 15°C showed the higher 
swimming performance than that of 22°C, which may implies the optimal or nearly optimal 
condition for the exercise physiology of the jack mackerel in 15°C conditions. Although there 
was no significant difference between 15 and 22°C in the average endurance time in the same 
swimming speed (ANOVA, P > 0.05). 
The maximum sustained speed was estimated from the semi-log linear regression line 
(Fig. 4.2) to be the values of 2.4 FL/s at 10°C, 3.4 at 15°C and 3.2 FL/s at 22°C. In the range 
of the sustained speeds, the fish could continue the steady tail oscillation and maintain the 
position relative to the flow at each temperature. In the range of lower prolonged swimming 
speeds, the fish were occasionally carried backward against the flow, but they could move 
themselves forward using kick-and-glide maneuvers. This fashion was more frequently 
observed at each temperature as the flow speed was increased. 
 At 10°C, several individuals were not able to sustain swimming for more than 15 s 
when the swimming speed was around 8 FL/s or faster. At the higher temperatures of 15°C 
and 22°C, all the fish were able to sustain swimming for more than 15 s in the range of the 
observed swimming speeds. The threshold of burst speed was estimated to be 8.0 FL/s at 10°C, 
10.3 at 15°C, and 9.6 FL/s at 22°C, according to the semi-log line regression analysis as 
shown in Fig. 4.1. 
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4.3.2 Heart rate during exercise  
Fig. 3.5 (see Chapter 3) shows an example of the ECG pattern of jack mackerel which 
is quite similar with that of mammals, including humans (Nofrizal et al., 2008). The heart rate 
during the control phase varied in each temperature, while it was affected by the water 
temperature, as 13-37 beats/min (25.3 ± 5.7, n = 16) for 10°C, and 27-71 beats/min (38.9 ± 
11.1, n = 29) for 15°C, and 42-95 beats/min (67.2 ± 13.2, n = 45) for 22°C, as shown in Fig. 
4.3. During the swimming exercise, the heart rate increased according to the swimming speed 
level. Fig. 4.4 and 4.5 show the difference of the increasing trend and maximum rate at higher 
speed for each temperature, together with the examples of the recorded ECG patterns for 22°C 
(Fig. 4.5 and Table 4.2). 
At the temperature of 10°C, the heart rate in the sustained speed range tended to be the 
same level as the control values, and started to increase over the maximum sustained speed for 
reaching the maximum level up to 60 beats/min (Fig. 4.5a and Table 4.2) or 3.60 times greater 
than control value in the prolonged speed range as shown in (Fig. 4.6a and Table 4.2). The 
incremental of heart rate was the asymptote trend to the maximum level in the higher 
swimming speed as shown in Fig.4.5. The trend for 15 and 22°C in Fig. 4.5b and c showed 
similar patterns in the sustained swimming speed with the same level for control phase, while 
the increase of heart rate tended to start around 2 FL/s. In the prolonged speed range for higher 
temperature, the high increase of heart rates were observed as 70-125 beats/min or 2.29-4.03 
times greater than control value in relative heart rate for 15°C (Fig.4.6b and Table 4.2). While, 
the heart rate was high increased as 115-208 beats/min or 1.84-4.20 times greater than control 
value for 22°C (Fig.4.6c and Table 4.2).  
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4.3.3 Post-exercise recovery  
The recovery time data after the exercise are shown in Fig. 4.7, for comparing the 
sustained and prolonged speed ranges, among the three temperatures. In the case of lower 
swimming speeds of 1-2 FL/s, the heart rate was observed to be the same as the control both 
during and after swimming, hence no fatigue occurred during exercise, and no recovery time 
recorded. At higher speed of 3-4 FL/s in the sustained swimming speed, the recovery time was 
proportionally longer as the swimming speed was elevated (Fig. 4.8). 
In the prolonged swimming speed, the higher temperature resulted generally in a 
longer recovery time (Fig. 4.9). In the case of 5-7 FL/s for 22°C, the heart rate recovery to the 
control level took 103-543 min. However, the recovery time was shorter with the higher 
swimming speed of 8-10 FL/s due to the result of shorter endurance time at higher speeds as 
shown in Fig. 4.10, as the correlation of longer recovery time for the longer endurance time. 
Fig. 4.10 shows the trend curves for recovery time according to the endurance time at 
prolonged speed level, which the longest recovery time in the higher temperature of 22°C, 
with the higher variation among each trial. This can be used to evaluate the fatigue level 
caused by the swimming exercise, and will be discussed later. 
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Fig. 4.1 Relationship between swimming endurance and speed (FL/s) at (a) 10°C, (b) 15°C 
and (c) 22°C. Solid marks were excluded data, and open marks were regressed for 
semi-log linear regression analyses to estimate the maximum sustained and burst 
speed. 
Log E = -0.51U + 5.31
R² = 0.85
1
15
100
1000
12000 (a) 10°C
2.4 FL/s
8.0 FL/s
1
15
100
1000
12000
E
n
d
u
ra
n
ce
 t
im
e 
(s
ec
.)
Log E = -0.42 U + 5.53 
R² = 0.71
(b) 15°C
3.4 FL/s
10.3 FL/s
(c) 22°C
1
15
100
1000
12000
0 1 2 3 4 5 6 7 8 9 10
Swimming speed : U (FL/s)
Max. sustained speed    
3.2 FL/s
Burst speed     
9.6 FL/s
Log E = -0.45 U + 5.54        
R2 = 0.82
E
n
d
u
ra
n
ce
 t
im
e 
(s
ec
.)
 
46 
 
 
 
T
ab
le
 4
.1
 T
he
 n
um
be
r 
of
 f
is
h 
us
ed
 f
or
 t
he
 e
nd
ur
an
ce
 t
ri
al
s,
 f
is
h 
si
ze
 a
nd
 s
w
im
m
in
g 
en
du
ra
nc
e 
 
F
lo
w
 s
pe
ed
 (
cm
/s
) 
 
20
.4
 
39
.3
 
55
.4
 
74
.3
 
93
.1
 
11
2 
12
8.
1 
14
7 
16
0.
4 
N
o.
 o
f 
fi
sh
 
5 
5 
10
 
10
 
5 
6 
5 
5 
5 
R
an
ge
 o
f 
fi
sh
 le
ng
th
: F
L
 (
m
in
. -
 m
ax
.; 
cm
) 
17
.0
 -
 1
8.
0 
17
.3
 -
 1
8.
5 
17
.0
 -
 1
9.
4 
17
.5
 -
 1
9.
0 
17
.3
 -
 1
8.
7 
16
.5
 -
 1
8.
9 
16
.7
 -
 1
9.
1 
17
.2
 -
 2
0.
1 
17
.5
 -
 1
8.
9 
A
ve
ra
ge
 f
is
h 
le
ng
th
: F
L
 ±
 S
.D
. (
cm
) 
17
.6
 ±
 0
.4
 
18
.0
 ±
 0
.5
 
18
.2
 ±
 0
.7
 
18
.3
 ±
 0
.5
 
18
.1
 ±
 0
.6
 
18
.2
 ±
 0
.9
 
18
.4
 ±
 1
.0
 
18
.4
 ±
 1
.1
 
18
.3
 ±
 0
.5
 
S
w
im
m
in
g 
en
du
ra
nc
e:
 T
e 
(m
in
. -
 m
ax
.;
 s
ec
) 
12
00
0 
- 
12
00
0  
12
00
0 
- 
12
00
0 
65
 -
 1
20
00
 
17
7 
- 
12
00
0 
25
 -
 3
41
 
24
 -
 1
52
 
18
 -
 1
50
 
6 
- 
74
 
5 
- 
31
 
A
ve
ra
ge
 e
nd
ur
an
ce
 ti
m
e 
±
 S
.D
. (
se
c)
 
N
/A
* 
N
/A
* 
N
/A
* 
N
/A
* 
16
8.
8 
±
 1
17
.0
 
88
.1
 ±
 4
9.
9 
86
.0
 ±
 4
9.
1 
21
.8
 ±
 2
9.
3 
14
.6
 ±
 1
0.
6 
10
 
P
-v
al
ue
 f
or
 r
eg
re
ss
io
n 
st
at
is
ti
cs
 o
f 
Te
 o
n 
F
L
 
N
/A
* 
N
/A
* 
N
/A
* 
N
/A
* 
0.
45
0 
0.
67
0 
0.
48
0 
0.
11
0 
0.
53
2 
N
o.
 o
f 
fi
sh
 
5 
5 
5 
5 
5 
5 
5 
 
5 
R
an
ge
 o
f 
fi
sh
 le
ng
th
: F
L
 (
m
in
. -
 m
ax
.; 
cm
) 
18
.1
 -
 1
8.
9 
17
.5
 -
 2
0.
0 
17
.8
 -
 1
8.
5 
17
.9
 -
 1
9.
5 
17
.3
 -
 1
8.
8 
17
.4
 -
 1
8.
5 
17
.7
 -
 1
9.
3 
 
17
.0
 -
 2
0.
4 
A
ve
ra
ge
 f
is
h 
le
ng
th
: F
L
 ±
 S
.D
. (
cm
) 
18
.4
 ±
 0
.4
 
18
.6
 ±
 0
.9
 
18
.1
 ±
 0
.3
 
18
.7
 ±
 0
.6
 
18
.0
 ±
 0
.6
 
18
.0
 ±
 0
.4
 
18
.5
 ±
 0
.6
 
 
18
.6
 ±
 1
.3
 
S
w
im
m
in
g 
en
du
ra
nc
e:
 T
e 
(m
in
. -
 m
ax
.;
 s
ec
) 
12
00
0 
- 
12
00
0  
12
00
0 
- 
12
00
0 
12
00
0 
- 
12
00
0 
12
00
0 
- 
12
00
0 
76
 -
 1
20
00
 
21
7 
- 
14
56
 
19
6 
- 
47
5 
 
64
 -
 1
45
 
A
ve
ra
ge
 e
nd
ur
an
ce
 ti
m
e 
±
 S
.D
. (
se
c)
 
N
/A
* 
N
/A
* 
N
/A
* 
N
/A
* 
N
/A
* 
73
7.
4 
±
 5
32
.2
 
28
2.
4 
±
 1
13
.5
 
 
10
2.
0 
±
 3
2.
9 
15
 
P
-v
al
ue
 f
or
 r
eg
re
ss
io
n 
st
at
is
ti
cs
 o
f 
Te
 o
n 
F
L
 
N
/A
* 
N
/A
* 
N
/A
* 
N
/A
* 
N
/A
* 
0.
87
0 
0.
08
0 
 
1.
00
0 
N
o.
 o
f 
fi
sh
 
5 
5 
5 
10
 
10
 
10
 
10
 
5 
3 
R
an
ge
 o
f 
fi
sh
 le
ng
th
: F
L
 (
m
in
. -
 m
ax
.; 
cm
) 
18
.5
 -
 1
9.
7 
18
 -
 1
9.
4 
18
.4
 -
 1
9 
18
.2
 -
 2
0.
3 
18
.2
 -
 2
0.
0 
18
 -
 2
0.
5 
17
.9
 -
 1
8.
9 
18
.0
 -
 1
9.
3 
18
.8
 -
 1
9.
8 
A
ve
ra
ge
 f
is
h 
le
ng
th
: F
L
 ±
 S
.D
. (
cm
) 
19
.2
 ±
 0
.5
 
18
.5
 ±
 0
.5
 
18
.7
 ±
 0
.3
 
19
.1
 ±
 0
.6
 
18
.9
 ±
 0
.6
 
18
.9
 ±
 0
.8
 
18
.4
 ±
 0
.3
 
18
.5
 ±
 0
.5
 
19
.2
 ±
 0
.5
 
S
w
im
m
in
g 
en
du
ra
nc
e:
 T
e 
(m
in
. -
 m
ax
.;
 s
ec
) 
12
00
0 
- 
12
00
0  
12
00
0 
- 
12
00
0 
12
00
0 
- 
12
00
0 
98
9 
- 
12
00
0 
46
7 
- 
12
00
0 
18
1 
- 
10
33
 
26
 -
 3
78
 
46
 -
 2
31
 
11
9 
- 
13
2 
A
ve
ra
ge
 e
nd
ur
an
ce
 ti
m
e 
±
 S
.D
. (
se
c)
 
N
/A
* 
N
/A
* 
N
/A
* 
N
/A
* 
N
/A
* 
57
3.
8 
±
 2
34
.7
 
20
5.
1 
±
 1
00
.1
 
13
1.
0 
±
 9
1.
2 
12
6.
0 
±
 6
.6
 
W
at
er
 t
em
pe
ra
tu
re
 
(°
C
) 
22
 
P
-v
al
ue
 f
or
 r
eg
re
ss
io
n 
st
at
is
ti
cs
 o
f 
Te
 o
n 
F
L
 
N
/A
* 
N
/A
* 
N
/A
* 
N
/A
* 
N
/A
* 
0.
34
5 
0.
62
0 
0.
28
0 
0.
96
0 
A
ve
ra
ge
 s
w
im
m
in
g 
sp
ee
d 
±
 S
.D
. (
F
L
/s
) 
1.
1 
±
 0
.0
 
2.
1 
±
 0
.1
 
3.
0 
±
 0
.1
 
3.
9 
±
 0
.1
 
5.
0 
±
 0
.2
 
6.
1 
±
 0
.3
 
6.
9 
±
 0
.2
 
7.
9 
±
 0
.4
 
8.
6 
±
 0
.4
 
47 
*)
 N
/A
 s
ho
w
s 
th
at
 t
he
 i
te
m
 i
s 
no
t 
av
ai
la
bl
e 
be
ca
us
e 
at
 l
ea
st
 o
ne
 e
nd
ur
an
ce
 t
ri
al
 i
n 
w
hi
ch
 t
he
 o
bs
er
va
ti
on
 w
as
 d
is
co
nt
in
ue
d 
by
 t
he
 m
ax
im
um
 l
im
it
 o
f 
20
0 
m
in
. w
as
 i
nc
lu
de
d.
 
 
   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
4.2 Swimming curves to compare the endurance time of jack mackerel according to the 
swimming speed in 10, 15 and 22°C. 
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Fig. 4.3 Frequency histogram of heart rate in each temperature during the control phase. 
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Fig. 4.7 Recovery time and swimming endurance time for jack mackerel with swimming 
speed. The recovery time is defined as the time taken for the moving average heart 
rate for ten minutes to decrease below the maximum heart rate before exercise. 
Recovery time at sustained speed (  ); and prolonged speed at 10°C (●); sustained 
speed (   ); and prolonged speed at 15°C (■); sustained speed (  ); and prolonged 
speed at 22°C (   ). 
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Fig. 4.8 Recovery time post-exercise relation to swimming speed at sustained swimming 
speed. Blue circle mark is at 10°C; orange square mark is at 15°C and red diamond 
mark is at 22°C. 
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Fig. 4.9 Recovery time in relation to the swimming speed at prolonged swimming speed. Red 
diamond mark is at 22°C; orange square mark is at 15°C and red diamond mark is at 
10°C. 
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Fig. 4.10 Recovery time in relation to the endurance time for the prolonged swimming   
speed range in each temperature; blue circle mark is at 10°C, orange square 
mark is at 15°C, and red diamond mark is at 22°C. 
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4.4 Discussion 
Swimming performance, such as the maximum sustained and burst swimming speeds, 
and the endurance time at prolonged swimming speed was severely reduced at the lower 
temperature of 10°C. This type of temperature effect is well described for several fish species, 
with implications for the towing strategies of trawls in relation to water temperature (Wardle, 
1980; Inoue et al., 1993; Yanase et al., 2007). For example, Woodhead (1964) demonstrated 
the inability of sea sole Solea vulgaris to avoid capture by the trawl at the low temperature in 
the cold winter season. Underwater video observations of walleye pollack Theragra 
chalcogramma, in the mouth of a trawl at a temperature of around 2°C showed that fish were 
inactive and unable to keep swimming at all with the trawl towed at 4-5 knots (2.0-2.5 ms-1) 
(Inoue et al., 1993).  
The heart rate of jack mackerel did not increase in the lower speed range of the 
sustained swimming speed. This illustrates that the energy cost of swimming was effectively 
metabolized to sustain the same level of swimming speed for an extended period. As Priede 
(1974) stated, it is probable that the pace of respiratory function and blood flow for a fish 
swimming at moderate speed agrees with the rate of metabolism, which closely reflects the 
rate of the cardiac output change. The previous study monitoring the heart rate of jack 
mackerel, where the effect of the strobe light stimuli on the heart rate was analyzed (An and 
Arimoto, 1994), showed similar variation in the control heart rate to the present study. In the 
study, the heart rate is affected by the individual fish conditions, such as sympathetic 
(excitatory) and parasympathetic (inhibitory) divisions of autonomic system (Eckert et al., 
1988). Other factors which can affect the heart rate during exercise are the environmental 
factors, such as ambient temperature and dissolved oxygen level. Namba (1996) reviewed that 
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those environmental factors can affect the pacemaker cells responsible for decreasing or 
increasing the heart rate. The heart rate observation during exercise and post exercise recovery 
can therefore give a good criterion for evaluating the fatigue level. 
At speeds over the maximum sustained swimming speed, the heart rate reaches the 
maximum level as 60 beats/min for 10°C, 125 beats/min for 15°C, and 208 beats/min for 22°C. 
These increases of heart beating can accelerate the blood circulation for inputting energy to 
reduce the effect of the anaerobic muscle activity in the prolonged speed range. Ito et al., 
(2002) reported for carp Cyprinus carpio that the heart rate was related to the possible 
contraction time of heart muscle according to the temperature, where no chances to break the 
maximum limit of heart rate (Ito et al., 2002). This severe exercise situation with the 
maximum performance of heart beating caused the higher stress and fatigue level to shorten 
the endurance time as being shown in the swimming curve analysis. 
The recovery time analysis for post-exercise phase in Fig. 4.7 revealed the minimum 
effect for recovery time in the lower swimming speeds, and then increased steeply in the 
vicinity of the maximum sustained swimming speed. The fact that the recovery time was 
required in the upper level of sustained speed causes the discrepancy in the definition of the 
sustained swimming speed, as being sustainable which implies theoretically permanently 
without fatigue (He and Wardle, 1988). This can be explained through the observation of 
swimming performance in the narrow space of test section, where fish were forced to swim 
against the flow which is a difficult task to maintain the swimming position, and is a close 
analogy for swimming performance in the codend during the capture process of trawl net. 
The recovery time fluctuating in the vicinity of the maximum sustained swimming 
speed can be explained as the difficult situation for fish to swim with the attached electrode 
wire cable. In this paper, the speed range categories were derived from the endurance time 
59 
    
trial for free swimming fish without electrode wire cable. In the case of ECG monitoring 
during exercise with electrode wire cable, the endurance time resulted into the lower criterion 
of maximum sustained speed, compared with the free swimming data as shown in Fig. 4.2, 
due to the difficulty of kick-and-glide performance for higher speed swimming. 
The recovery time after the prolonged swimming exercise increased when water 
temperature increased. Longer endurance time at warmer temperatures could make the fish 
completely exhausted, and require a longer time to recover from fatigue. On this regard, 
ambient water temperature may directly affect the recovery time. However, any specific 
evidence was not observed from the heart rate monitoring in the present study, and this is our 
future focus. 
Chopin and Arimoto (1995) stated, that the fish swimming in the codend of the trawl 
during capture process will be subjected to the severe exercise. This can evoke mortalities, 
which have been attributed to various capture stressors, even if the fish could escape from the 
net. This study demonstrated that the magnitude of the stress given to the fish during exercise 
at prolonged swimming speed levels was scaled by the heart rate activity for up to 543 minutes 
(9.05 hours) in the laboratory conditions. This result suggests that the fish escaped the mobile 
fishing gear cannot exhibit its full swimming performance due to fatigue when they encounter 
next chasing by the gear. 
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Chapter 5 
Swimming endurance and heart rate performance of jack mackerel  
Trachurus japonicus, in re-exercise and re post-exercise recovery  
by ECG monitoring 
 
5.1 Introduction 
Modern trawls are made in many sizes to allow different types of fishing boats to tow 
them at a maximum speed: between 3 and 4 knots when using full power (Wardle, 1993). 
Those speeds are corresponding to swimming speed of 10.8 and 14.4 FL/s for fish size in this 
experiment, which fish was swimming in prolonged and burst swimming speed level during 
these conditions. This illustrated, fish swims extra to escape and avoid trawl and others mobile 
fishing gear during capture processes. The experimental simulation in the flume tank showed 
fish was completely exhausted swimming at prolonged swimming speeds for several minutes 
(Nofrizal et al., 2008; 2009).  
Physiologically, this indicates on the incrementally of heart rate immediately increases 
at the vicinity of maximum sustained swimming speed and reached maximum value at the 
prolonged swimming speed (Nofrizal et al., 2008). Hence, tachycardia activities occur when 
swimming at the maximum sustained, prolonged and burst swimming speed. Thus, fish 
requires a longer time to recover after fatigue at prolonged swimming speed (Nofrizal et al., 
2009). The recovery time and incremental of the heart rate have been illustrated the stress and 
fatigue of fish during and after swimming to escape from the capture process. The condition of 
fish after post-exercise recovery or escaping from the gears had not been known. Therefore, 
for purpose of this study is to evaluate the swimming performance of jack mackerel on the 
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repeated encountering with the fishing gear by simulating the post-exercise effect ECG 
monitoring for heart rate activity. 
5.2. Materials and methods 
5.2.1 Fish 
Jack mackerels of 18.3 ± 0.63 cm fork length (average ± S.D., n = 11) were obtained 
from a fish farmer at Suruga Bay, Japan. All the fish were transported by a tank-lorry, which is 
specially designed for live fish transportation, to a holding tank (see Chapter 3 and 4) at the 
Fish Behavior Laboratory of Tokyo University of Marine Science and Technology. The fish 
was acclimated in temperature of 15 and 22°C for a week. The fish were fed on fish meal 
pellet every day during the periods of both acclimation and experiment. All of the fish were 
used for experiments within a week, during which the water in the holding tank was always 
purified and aerated. 
5.2.2 ECG observation system and flume tank 
The heart rate activity was measured by a pair electrode (see Chapter 3, Fig. 3.3), 
which connected to oscilloscope through bio-amplifier (Fig. 5.1). Fish was anesthetic by FA 
100, before a pair electrode was implanted at pericardial region of ventral side of the fish body.  
A flume tank used in this study was specially designed to provide the most portions 
of the working section, 70 cm long by 30 cm wide by 20 cm deep, with a steady water flow 
(Fig. 5.1). One side of the wall of the test section was covered by a panel were square grids as 
visual cues for the swimming fish were drawn. This treatment allowed optomotor response for 
the fish to reveal itself (Wardle, 1993; He and Wardle, 1988; Xu et al., 1993). So, when the 
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fish was maintaining its position relative to the oncoming flow in the working section, the 
swimming speed of fish was equivalent to the flow speed.  
5.2.3 Protocol of experimental 
The heart rate activity was measured in still water for 10 minutes, as the control, after 
subsequent recovery from anesthetizing for 180 minutes (Fig 5.1). The heart rate observation 
was continuously in swimming exercise at flow speed of 20.43 to 160.44 cm/s, corresponded 
to the swimming speed of 1.13 to 8.49 FL/s at everyone. In this case swimming speed of fish 
was equal to the flow speed of the flume tank. The flow speed of the flume tank was gradually 
increased to avoid fish shock until desire flow velocity. The heart rate activity was observed 
during the 1st swimming exercise for 200 minutes or fatigue at respectively individual. The 
observation of heart rate was continuously in the 1st post-exercise recovery after the flow 
velocity was stopped. The same speed level was given at each individual sampling after 
completely the 1st post-exercise recovery for the 2nd exercise test. The observation of heart rate 
activity in post-exercise recovery was limited when the heart rate was equal to maximum 
value of control (Fig 3.4, see chapter 3).  
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5.3. Result 
The swimming endurance time during heart rate observations was decreased in the 1st 
and 2nd exercise, when the swimming speed levels were increased. The swimming endurance 
was relatively same during the 1st and 2nd exercise at 15 and 22°C (Figs. 5.2a and b). The 
comparison of the swimming endurance time shows at Figs. 5.3a and b, not different was 
identified between in the 1st and 2nd exercise at respectively swimming speed levels. 
Figs 5.4a and b showed the heart rate activities were not changed during the 1st and 
2nd exercise than control at sustained swimming speed i.e. 1.13 to 2.18 FL/s at 15 and 22°C. 
No fatigue was identified at these speeds, even though in the 2nd swimming exercise. The heart 
rate were high increased at close to the maximum swimming speed i.e. 4.37 FL/s, and the 
heart rate was started to require times for recovery (Figs. 5.5a and b). The heart rate was 
similar pattern in the 1st and 2nd exercise at these speeds. 
The heart rate was reached maximum value during exercise at prolonged swimming 
speeds in each temperature (Fig. 5.6a and b). These have a similar pattern at each swimming 
speed level in each temperature. The incrementally of the heart rate on average was almost 
equal value between the 1st and 2nd exercise at respectively a swimming speed level (Figs. 5.7a 
and b). The comparison of the heart rate were not different between 1st and 2nd exercise at each 
swimming speed level (Figs. 5.8a and b). 
Figs. 5.9a and b show that fish was immediately recovered after swam at sustained 
swimming speed. The post-exercise recovery was increased at maximum sustained and 
prolonged swimming speed. The recovery time was similar pattern between the 1st and 2nd 
exercise at sustained and maximum sustained swimming speed. No change between the 1st and 
2nd recovery at sustained and maximum sustained swimming speed at each water temperature. 
65 
    
However, the recovery time pattern was different between the 1st and 2nd recovery at 
prolonged swimming speed. Figs 5.9a and b show the 2nd recovery was independent on the 1st 
recovery at each water temperature.  
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5.4. Discussion 
The swimming endurance after post-exercise recovery is important to evaluate the 
swimming performance of fish after escaping from a capture process. This can be a good point 
to understand the ability of fish to avoid and escape from the fishing gear, if re-encountered by 
the gears. The swimming endurance of jack mackerel was not changed after post-exercise 
recovery, caused fish completely recovered at the 1st post-exercise recovery phase. In the 
previous study, the jack mackerel completely recovery up to 543 minutes, after exercise at 
prolonged swimming speed (Nofrizal et al., 2009).  
Heart rate of fish increased during swimming and then decreased when swimming 
ceased (Stevens and Randal, 1967; Priede, 1974; Kosmeyer et al., 1997). However, ECG 
observation on the heart rate activities of jack mackerel was not increased at low speed of 
sustained swimming speed. The heart rate dramatically increased at vicinity of the maximum 
sustained swimming speed (Nofrizal et al., 2008 ; 2009). Physiologically, this indicates that 
metabolic rate of jack mackerel is normal during exercise at sustained swimming speed levels. 
Therefore, fish capable to swim whole of their life for daily swimming activity. The 
incrementally of heart rate activities were equal between the 1st and 2nd exercise. Therefore, 
heart rate activities in the 1st exercise were not affecting to the heart rate activities in the 2nd 
exercise at sustained and prolonged swimming speed.  This illustrates that metabolic rate 
during the 1st and 2nd exercise is equal, as a result fish have equal energy storage for 
swimming in both exercise. Another hand, the fish could be completely re-metabolized the 
energy storage during the 1st post-exercise recovery. This indicated the heart rate activity was 
a similar pattern between 1st and 2nd swimming exercise. 
Previous study reported that recovery of the swimming muscle can take up 24 hours 
75 
   
  
following its complete exhaustion. During recovery period most of the lactic acid can remain 
in the fish muscle (Wardle, 1978; Xu et al., 1993) and may be converted back to glycogen 
without leaving the muscle cells (Batty and Wardle, 1979). However, recovery time of heart 
rate for jack mackerel was shorter than muscle in this study. This is 103-543 minutes for 
complete exhaustion recovery at 22°C (Nofrizal et al., 2009). Probably, the fish was recovered 
after completely fatigue before 24 hours. In this case, the heart rate could be a point as a 
fatigue indicator due to swimming activities. 
Independency of the recovery time at the 1st and 2nd post-exercise recovery, caused 
jack mackerel is completely recovered at the 1st post-exercise recovery. So, no effect was 
identified between the 1st exercises on the 2nd exercise for recovery phase. Thus, jack mackerel 
could survive after escape from a capture process, if they were not contacted with gear. 
However, the escaping fish were contacted with the gears can evoke injures and mortality. 
Chopin and Arimoto (1995) stated that fishing gear types used for harvesting marine and fresh 
water fish, a range of injures, stress reactions and mortalities that can occur during capture and 
escape. The mortality post-capture process usually caused severity of physical damage of fish. 
Therefore, Chopin and Arimoto (1995) suggested that improving selectivity without reducing 
damage or stress incurred during capture and escape may not be the most appropriate way of 
protecting immature fish. Excluder device of fishing gear is required to release earlier the 
immature fish before completely exhausted swimming. Additionally, the present study 
concluded that, the escaping fish from capture process had capability to avoid and escape from 
the gear if re-encountered incurred by the gear. 
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Chapter 6 
General Conclusions 
 
6.1. Lateral line organ of jack mackerel  
 Ten well-developed canal organs system with widths ranging were identified on the 
specimens’ jack mackerels. The highest density of lateral organs systems was identified in the 
head. All of the lateral canal organ system is interconnected, except the ventral trunk line canal 
is independent. Seven canal organs systems were identified in the head part these were 
supratemporal, postotic, otic, supraorbital, infraorbital, preoperculum, and mandibular canal. 
Three lateral line canals in the trunk body were identified; was found between the dorsal, main, 
and ventral canal. The highest density and number of pores on the jack mackerel’s body was 
identified on head, especially in the nasal and mandibular regions. The sensitive area in the 
frontal zone of the fish receives oncoming water motion and vibration as they move through 
the water. The pores concentrated on the preoperculum and infraorbital function to detect the 
water motion and vibrations from the side. The pores on the dorsal surface of the head 
function as a receiver of water motion and vibration coming from above. 
6.2. Swimming performance with ECG monitoring 
The heart rate activity of jack mackerel increases gradually to follow the swimming 
speed level. Fish consumes extra energy in response to the increased swimming speed is 
required to increase the metabolic rate in order to metabolize the lost energy at maximum 
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sustained and prolonged swimming speed. So, the heart beating rapidly to serves as pumping 
of blood, nutrition and oxygen circulation for biochemical process in the fish body to produce 
the energy for swimming at those swimming speed level. 
The fish required at least more than 180 minutes (3 hours) for recovery after exercise 
at swimming speed of 1.30 to 5.85 FL/s for around 40 minutes. Raising of the heart rate at 
recovery phase, caused heart function to the pumping oxygen content in blood for aerobic and 
anaerobic metabolism during exercise due to oxygen-debt repayment after fatigue. 
6.3. Temperature effect on the swimming endurance and post-exercise recovery 
as determined by ECG monitoring 
 The temperature influenced the swimming performance of jack mackerel. The 
swimming endurance time and estimation of maximum sustained swimming speed was 
reduced at cold temperature (10°C), compared with the higher temperatures (15 and 22°C), 
which are not significant differences in the higher temperatures. While, fish start of burst 
swimming speed range was lower of swimming speed level at cold temperature than the 
higher temperature. 
The temperature gradually influenced the heart rate activity. The heart rate activity in 
control was slower at the cold temperature of 10°C, and increased at 15 and 22°C. During the 
swimming exercise, the heart rate increased according to the swimming speed level at 
respectively water temperature. The heart rate in the sustained swimming speed range tended 
to be the same level as the control value. While the increase of heart rate tended to vicinity of 
maximum sustained swimming speed range and reached maximum value at prolonged 
swimming speed range. 
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    The temperature affects the recovery time post-exercise, which warmer temperature 
requires longer recovery time. No fatigue occurred at sustained swimming speed range at 
respectively temperature. The recovery time increased at the vicinity of the maximum 
sustained swimming speed.  The recovery time is longer at prolonged swimming speed range, 
and reduced at higher speed level of prolonged swimming speed range due to short swimming 
endurance time. Therefore, longer swimming endurance requires a longer recovery time.  
6.4. Swimming endurance and heart rate performance re-exercise and re-
recovery post-exercise 
 The swimming endurance time was not changed at the 1st and 2nd exercise at each 
individual in respectively swimming speed. Hence, fish was completely recovered at the 1st 
exercise, and no effect the 1st exercise on the 2nd exercise after the fish recovered. Thus, the 
swimming capability of fish to avoid the gears will be equal than initial countered by the gear 
after recovered. Philologically, heart rate activities were similar pattern between the 1st and 2nd 
exercise and recovery phase at respectively swimming speed level. These were not changed 
than control value the 1st and 2nd exercise at sustained swimming speed. The heart rate was 
immediately recovered for these speed, in this case no fatigue was identified. However, the 
heart rate was dramatically increased at the 1st and 2nd exercise close to the maximum 
sustained swimming speed, and requires times for recovered post-exercise. The 1st recovery 
was dependent to the 2nd recovery at prolonged swimming speed. No effect the 1st exercise on 
the 2nd exercise for recovery time at the prolonged swimming speed.  
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6.5. Improving for fishing technologies 
Lateral organ system of jack mackerel well-developed on the head and trunk body. 
Presumably, the dense branching of the lateral line canals on the head enhances the sensitivity 
of the cephalic lateral line and might be a characteristic of schooling of the jack mackerel. This 
organ plays important role for fish to detect water motion and vibration in the water.  The 
noise from the fishing boat, and friction between water and fishing gear could potentially 
disperse schooling of jack mackerel during capture process.  
Fishing operation by the mobile fishing gear in winter season could increase fishing 
efficiency and effectiveness. Simulation experiment on the temperature affect on the 
swimming performance was evidenced the cold temperature could be decreased swimming 
endurance of jack mackerel. Reduction of the swimming endurance of fish cooperated with 
decrease heart rate of them in cold temperature. So, capability of fish to avoid the gear was 
also reduced. Underwater observation by video camera on walleye pollock (Theragra 
chalcogramma) at 0.5 - 2°C showed a very week response of fish and a general inactivity in 
the net. Most fish just seemed to be drifting passively toward codend, although some turned to 
face the towing direction and swam along with the net for only a few seconds (Inoue et al., 
1993). 
The stress of fish evokes when fish swims at prolonged and burst speed range. This 
occur when they swims to avoid the gear, probably, this condition is to potentially occur the 
mortality of escaping fish. To reduce the stress of fish should consider the towing speed and 
duration of the mobile fishing gear during fishing operation. The excluder device of fishing 
gear is required for reducing the time of non-target fish to encounter with the fishing gear. This 
expected could reduce the number stress fish and mortality non-target species. Mesh size of 
80 
   
  
wing and body of the mobile fishing gear should consider for increasing probability for small 
fish to escape before completely exhausted due to swimming activity. 
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Appendix A Specification of flume tank 
 
Main body of tank 
Form    : Impeller ceremony direct circulation tank. 
Measurement   : 241.6cm length x 109.7 height x 40 cm weight. 
Material   : Stainless steel (SUS316L). 
Swimming channel               : 70 cm length x 30cm height x 30 cm width, and 20 cm water 
depth. 
Material of swimming channel : Transparent acrylic board, and 1 cm thickness 
Cover of swimming channel  : Transparent acrylic sealing cover, and rubber packing  
Main body weight   : 250 Kg  
Main body with capacity  : 2941 Kg 
 
Motor 
Impeller    : Material, aluminum bronze 
Maximum rotation of impeller : 60 HZ 
Maximum velocity of running fluid: 160.3cm (Observation all of part) 
Observation part central  : Electromotor 3 
Phase induction motor  : 1.5 kW, 200V, 50Hz, 15 A 
Motor Controller   : PT-70 (Digital display) 
 
Bubble removal device  : Vacuum electromagnet valve x 2;  
Vacuum pump x 2   : 10W x 100V x 0.5A 
Speed of pump   : 61/min; Vacuum degree 250 Torr  
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Appendix B Specification of the oscilloscope  
 
Model DS-5102 
Frequency band 25 MHz 
Bandwidth-limited 20 MHz 
Number of input channel 2 
Vertical sensitivity 2mV/div~5V/div 
DC gain accuracy 
 
+/-3% (10mV/div ~5V/div) 
+/-4% (5mV/div ~9.9mV/div) 
+/-5% (2mV/div ~4.95mV/div) 
Offset range 
±2V (2mV/div~198mV/div), 
±40V(200mV/div~5V/div) 
Voltage assignment power age 400V (DC +AC peak) CAT I 
Input coupling AC, DC, GND 
Input impedance 1MΩ / / approx. 15pF (DC coupled) 
Vertical resolution 8 bit 
Inversion ○ (Software inversion) 
Switching sensitivity of the probe 1x, 10x, 100x, 1000x (manual) 
Capture mode Normal, Average, peak detection 
Average 2-256 times (twice power) 
Pulse width of the peak detection 10ns 15ns 20ns 30ns 
Maximum sampling rate 
400MS/s (1ch), 200MS/s (2ch)  
Samples equivalent: 25GS/s  
X-Y mode: 100MS/s  
Roll mode: 512kS/s 
All the time - base stability Less than 100pm 
Large degree of long memory Normal: 5k (5120) point, Long: 512k (524288) point 
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Appendix B Specification of the oscilloscope (Continued) 
 
View mode Y-T, X-Y, Roll mode 
All the time range 20ns/div~50s/div 
Remote range 50ms/div~50s/div 
Trigger input CH1, CH2, LINE, Ext, Ext/5 
Trigger mode Auto, Normal, Single 
Hold off 100ns~1.5s 
Trigger type Edge, pulse, video 
All label range trigger 
Internal trigger: ± 6div,  
External trigger: ± 1.2V,  EXT / 5 = ± 6V 
Long of the voltage triggering 
external sites 
400V (DC +AC peak) CAT I 
Find label 
Set all drop from the trigger label 
(Over 50Hz ) 
Forced (manual)trigger o 
Cur 
measurement 
Voltage measurements (Δ V), time 
measurements ( Δ T), measured 
frequency (1 /Δ T) 
Automatic 
measurement 
Vpp, Vamp, Vmax, Vmin, Vtop, 
Vbase, Vavg, Vrms  
Overshoot, Preshoot, frequency, 
period, Rise Time, Fall time, + pulse 
width, - pulse width, + duty, - duty, 
Delay 1 -> 2 ↓, Delay 1 -> 2 ↑ 
Measurements 
Frequency 
Counter 
6 digits 
Math functions Addition, subtraction, multiplication, FFT 
Size, resolution 5.7-(320x234 pixels) 
Display 
LCD Color-TFT 
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Appendix B Specification of the oscilloscope (Continued) 
 
Persistence (see overwriting) Infinite time 
Probe type-calibration signal 
probe 
3V +/-5% (1MΩ or more at load) 1KHz +/-0.1% 
Zoom features 
Original waveform with the waveform 
displayed simultaneously expanding 
horizon 
Digital filter 
Low pass, high pass, band pass, band 
reject 
REF features 
Reference waveform can be displayed 
as (USB memory driver) 
Admission 
decision 
Admission decision by the mask 
Waveform processing 
Waveform record Record, playback, save 
Menu - / language to Help English, Japanese 
Out- Setup 
Vertical axis, horizontal axis, Setting for a trigger (with 
undo) 
Measurement conditions, data 
save function, reads features 
Internal Memory: 10 waveforms, 10-panel configuration  
USB memory: bitmap, CSV, Waveforms, setting panel 
Interface 
USB (host, devices), RS-232, admission decision output 
(BNC) 
Power 
AC100V~120V 50Hz/60Hz/400Hz 、 AC 200V~240V 
50Hz/60Hz 
Power Consumption 40VAmax 
Operating 
temperature and 
humidity 
0oC ~ +40oC/80% RH below 
Guaranteed 
temperature 
performance 
+10oC ~+35oC 
Environmental characteristics 
Storage 
temperature 
-20oC ~+60oC 
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Appendix B Specification of the oscilloscope (Continued) 
 
Dimensions 
303mm (W) x146mm (H) x112mm (D) (Process, excluding 
accessories) 
Weight About 2.2kg (excluding accessories) 
Accessories (quantity) Power code (1), Probe(2), Manual (1) 
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Appendix D Relationship between swimming speed and endurance time at 10°C 
 
No. 
Fish size : FL 
(cm) 
Swimming speed : U 
(FL/s) 
Endurance time 
(sec) 
1 17.80  1.10  >12000 
2 17.80  1.10  >12000 
3 18.00  1.10  >12000 
4 17.00  1.20  >12000 
5 17.50  1.20  >12000 
6 18.50  2.10  >12000 
7 18.20  2.20  >12000 
8 17.80  2.20  >12000 
9 18.20  2.20  >12000 
10 17.30  2.30  >12000 
11 19.00  2.90  >12000 
12 19.00  2.90  >12000 
13 18.20  3.00  >12000 
14 18.30  3.00  >12000 
15 18.00  3.10  >12000 
16 17.80  3.10  >12000 
17 18.00  3.10  >12000 
18 17.00  3.30  >12000 
19 18.00  4.10  >12000 
20 17.80  4.20  >12000 
21 18.50  4.00  4560 
22 18.40  4.00  4051 
23 19.00  3.90  3930 
24 19.40  2.90  3184 
25 18.90  3.90  2690 
26 17.60  4.20  1980 
27 18.40  4.00  1847 
28 17.50  4.20  1104 
29 17.40  3.20  653 
30 18.30  5.10  341 
31 18.70  5.00  185 
32 18.40  4.00  177 
33 18.40  6.10  152 
34 18.50  5.00  134 
35 17.30  5.40  132 
36 18.50  6.90  150 
37 18.80  6.00  122 
38 17.90  6.30  117 
39 16.70  7.70  110 
40 19.10  6.70  84 
41 20.10  7.30  74 
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Appendix D Relationship between swimming speed and endurance time at 10°C (Continued) 
 
 
No. 
Fish size : FL 
(cm) 
Swimming speed : U 
(FL/s) 
Endurance time 
(sec) 
42 18.60  6.00  72 
43 18.80  6.80  68 
44 16.50  6.80  43 
45 18.30  8.80  31 
46 17.80  5.20  25 
47 18.90  5.90  24 
48 18.90  8.50  19 
49 19.00  6.70  18 
50 17.70  8.30  13 
51 18.20  8.80  11 
52 17.20  8.50  9 
53 18.40  8.00  7 
54 18.60  8.60  7 
55 18.80  7.80  6 
56 17.50  9.20  5 
Average 18.18  - - 
S.D. 0.70  - - 
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 Appendix E Relationship between swimming speed and endurance time 15°C 
 
No 
Fise size : FL  
(cm) 
Swimming speed : U  
(FL/s) 
Endurance time  
(sec) 
1 18.70  1.09  >12000 
2 18.20  1.12  >12000 
3 18.90  1.08  >12000 
4 18.10  1.13  >12000 
5 18.10  1.13  >12000 
6 20.00  1.96  >12000 
7 18.30  2.15  >12000 
8 18.50  2.12  >12000 
9 18.50  2.12  >12000 
10 17.50  2.24  >12000 
11 18.50  3.00  >12000 
12 18.50  3.00  >12000 
13 17.90  3.10  >12000 
14 17.90  3.10  >12000 
15 17.80  3.11  >12000 
16 19.50  3.81  >12000 
17 18.90  3.93  >12000 
18 18.40  4.04  >12000 
19 18.60  3.99  >12000 
20 17.90  4.15  >12000 
21 18.50  5.03  >12000 
22 17.50  5.32  >12000 
23 17.80  6.29  1456  
24 18.50  6.05  1125 
25 17.90  5.20  900 
26 18.80  4.95  733 
27 17.40  6.44  554 
28 17.70  7.40  475 
29 18.30  6.10  335 
30 18.00  7.30  293 
31 18.50  7.10  229 
32 19.30  6.90  219 
33 17.90  6.30  217 
34 18.90  6.90  196 
35 19.00  8.40  145 
36 17.00  9.40  125 
37 20.40  7.90  96 
38 18.60  8.60  80 
39 17.30  5.38  76 
40 17.80  9.00  64 
Average 18.35  - - 
S.D. 0.70  - - 
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Appendix F Relationship between swimming speed and endurance time at 22°C 
 
No. 
Fish size : FL  
(cm) 
Swimming speed: U 
(FL/s) 
Endurance time 
 (sec) 
1 19.00  1.04  >12000 
2 18.40  1.04  >12000 
3 18.00  1.06  >12000 
4 18.30  1.07  >12000 
5 19.00  1.10  >12000 
6 20.00  1.89  >12000 
7 19.00  2.00  >12000 
8 20.50  2.12  >12000 
9 18.30  2.15  >12000 
10 18.90  2.18  >12000 
11 19.30  2.92  >12000 
12 18.20  2.92  >12000 
13 18.20  2.96  >12000 
14 18.50  3.00  >12000 
15 19.50  3.01  >12000 
16 18.40  3.73  >12000 
17 19.00  3.91  >12000 
18 18.50  3.95  >12000 
19 18.50  4.05  >12000 
20 18.20  4.07  >12000 
21 18.30  4.16  >12000 
22 18.30  4.23  >12000 
23 18.50  4.32  >12000 
24 17.90  5.18  >12000 
25 18.00  4.64  5518 
26 18.30  5.05  3108 
27 19.40  4.91  2748 
28 19.00  4.09  2276 
29 18.70  5.08  1051 
30 19.50  5.00  1044 
31 18.30  4.78  1018 
32 19.70  5.72  1033 
33 18.90  3.97  989 
34 18.40  5.05  971 
35 19.80  6.22  766 
36 19.60  5.92  674 
37 18.80  6.15  610 
38 19.00  6.41  572 
39 19.20  6.18  572 
40 18.00  5.97  567 
41 19.00  5.79  542 
42 18.00  5.41  485 
43 18.50  5.87  485 
105 
   
  
 
Appendix F Relationship between swimming speed and endurance time at 22°C (Continued). 
 
No. 
Fish size : FL  
(cm) 
Swimming speed: U 
(FL/s) 
Endurance time 
 (sec) 
44 18.20  5.10  467 
45 18.40  6.96  378  
46 18.50  7.16  301  
47 19.30  6.85  267  
48 19.00  6.78  258  
49 19.40  7.84  231 
50 18.50  7.48  226 
51 19.00  7.00  209  
52 18.50  5.75  181 
53 18.90  7.04  176  
54 18.40  7.12  158  
55 18.70  6.96  155  
56 19.50  8.53  132 
57 18.90  8.10  127 
58 20.30  7.00  123  
59 18.30  8.30  119 
60 20.00  7.80  98 
61 18.20  8.02  54 
62 19.50  7.90  46 
63 19.00  7.00  26  
Average 18.81 - - 
S.D. 0.61 - - 
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Appendix J Swimming speed and recovery time at 10°C 
 
No. Fish size : FL 
(cm) 
Swimming speed : U 
(FL/s) 
Swimming endurance 
(sec) 
Recovery time 
(min) 
1 17.6 1.16 >12000 1 
2 17.5 1.17 >12000 1 
3 17.1 1.19 >12000 1 
4 17.5 2.13 >12000 51 
5 17.6 2.23 >12000 79 
6 17.6 3.15 2028 334 
7 18.3 4.06 285 157 
8 17.8 4.17 766 242 
9 17.5 5.32 110 133 
10 17.3 5.38 185 84 
11 18.4 6.09 134 35 
Average 17.65 - - - 
S.D. 0.39 - - - 
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Appendix K Swimming speed and recovery time at 15°C 
 
No. Fish size : FL 
(cm) 
Swimming speed : U 
(FL/s) 
Swimming endurance 
(sec) 
Recovery time 
(min) 
1 18.40 1.11 >12000 1 
2 18.00 1.14 >12000 1 
3 18.10 1.13 >12000 1 
4 19.40 2.02 >12000 1 
5 18.00 2.18 >12000 1 
6 19.30 2.04 >12000 1 
7 17.80 3.11 >12000 29 
8 19.20 3.87 >12000 127 
9 18.50 5.03 520 261 
10 18.20 6.15 263 312 
11 17.90 7.31 97 202 
12 18.70 7.86 78 100 
13 18.00 8.17 43 44 
14 17.90 8.21 20 41 
15 17.60 9.12 31 87 
Average 18.33 - - - 
S.D. 0.57 - - - 
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Appendix L Swimming speed and recovery time at 22°C 
 
No. Fish size : FL 
(cm) 
Swimming speed : U 
(FL/s) 
Swimming endurance 
(sec) 
Recovery time 
(min) 
1 18.70 1.09 >12000 1 
2 18.70 1.09 >12000 1 
3 20.70 1.90 >12000 1 
4 20.00 1.96 >12000 1 
5 18.90 2.08 >12000 1 
6 19.20 3.03 >12000 229 
7 18.80 3.09 >12000 38 
8 18.40 3.16 >12000 32 
9 19.70 3.91 >12000 215 
10 17.60 4.37 >12000 163 
11 17.80 4.32 8160 414 
12 18.00 5.02 603 516 
13 18.60 5.30 420 299 
14 19.00 6.04 205 543 
15 17.30 6.32 375 253 
16 19.40 6.74 118 376 
17 17.00 7.70 70 136 
18 19.50 8.23 61 211 
19 19.30 8.31 102 348 
20 18.20 8.82 46 103 
21 18.90 8.49 41 127 
Average 18.33 - - - 
S.D. 0.57 - - - 
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